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INTRODUCTION 
Nonspecular refiection of bounded beams has attracted interest since the work of 
Schoch [1] and Bertoni and Tamir [2] gave an accurate description of the nonspecular 
refiection of well collimated Gaussian beams from half spaces at or near the Rayleigh 
critical angle. Investigations on plates and half spaces concentrated on planar 
interfaces [3,4], while our previous work extended to the interaction of divergent 
Gaussian beams with planar surfaces (half space and plate) and of collimated beams 
with curved surfaces (solid cylinders and shells) [5,6]. 
In this paper we extend our effort to the study to two-layer lossy cylindrical 
shells, namely, rubber bonded to steel. In our case rubber is highly lossy and it 
cannot support a leaky guided wave when loaded by a liquid. However when it is 
bonded to the outer surface of a steel shell, a leaky guided wave can be excited in the 
plate, and this excitation reradiates into liquid. The coherent sum of the specular and 
nonspecular component produces the oscillations in the receiver signal as a function of 
scan angle; in the debond region the leaky guided modes are not excited, and the 
received signal loses its oscillatory aspect and decreases monotonically from signal 
peak near a scan angle of oo. We discuss here the plate refiection coefficient and 
compare the refiected field or received voltage for three cases: single steel shell, 
rubber-steel bonded region, and rubber-steel debond region. 
THEORETICAL SUMMARY 
Nonspecular acoustic beam refiection can be treated by the Complex-Source-
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Point (CSP) method [5]. By this method, a simple line source field can be converted 
into a two-dimensional Gaussian beam field by an analytic continuation of the real 
source coordinate into the complex plane. This method can model a receiver (CRP) 
in the same way. In a pitch-catch setup, the combination of CSP and CRP is denoted 
the Complex-Transducer-Point (CTP) [7] method, which yields a result directly 
comparable to experiment. 
With the aid of the electro-acoustic reciprocity theorem, each spectral component 
is weighted by its appropriate reflection coefficient value, and we obtain the receiver 
voltage integral [7], 
Vn(f; f') 
(1) 
where R is reflection coefficient, v is angular spectral wavenumber, w is frequency, 
Ar and An specifies the strength of the transmitter and receiver , a is shell radius , 
HS1H2l is Hankel function; 'f(w) is temporal spectrum of transducer electronics. 
By using Debye decomposition of the Hankel function and reducing the integral 
by the saddle point method, we obtain an asymptotic analytical expression. It 
consists of two parts, one related to the specular reflection, the other related to the 
nonspecular reflection or leaky wave. 
REFLECTION COEFFICIENT 
The reflection coefficient plays a very important role in both the theoretical 
calculation and the experiment results. In our theoretical model, we approximate the 
reflection coefficient from curved structures by assuming locally planar surfaces. The 
bond rigidity of rubber and steel can be treated by the "spring model" [8]. In this 
model the stress at the interface is assumed tobe continuous, while the displacement 
is not. The relation between the stress and the displacement jump is linear [9], 
a;;;z == a~z == O'xz 
a~ == a~ == azz 
f7xz = kki * (u-- u+) 
azz = kkn * (w-- w+) 
(2) 
(3) 
(4) 
(5) 
where a:z and a;t, are stresses, and u+ and w+ are displacements at the upper 
interface; a;;;z, a;z, u-, and w- are stress and displacement components at the lower 
interface. The quantities kkt and kkn are tangential and normal boundary stiffness 
constants. The greater the kkt and kkn, the greater the boundary rigidity. 
Once the boundary conditions are established, the transfer matrix method can be 
applied to calculate the reflection coefficient. Figure 1 shows the calculated reflection 
coefficient under conditions of different boundary rigidity. The reflection coefficient 
from a single steel plate with thickness 1.98 mm and frequency 1 MHz is plotted in 
Figure 1(a) as a dash-dot line. There exist three modes, A0 , So, and A1 mode, which 
correspond to phase-match angles of 34.8°, 18.3°, and 9. 7°, respectively. Solid and 
dashed curves are the reflection coefficients from rubber-steel by taking kkt = 10, 
kkn = 20 and kkt = 100, kkn = 200. It can be seen that under these boundary 
rigidities, there are still three modes, and the corresponding angles are the same as for 
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Figure 1: Calculated reflection Coefficient und er different bond rigidity: ( a) comparison 
of reflection from single steel shell and from rubber-steel under two boundary rigidity; 
(b )poor bond results no leaky wave. 
steel alone - with the exception that the reflection coefficient amplitude decreases. 
The minima at 60° corresponds to the critical angle of rubber and is not a Lamb-mode 
angle. However, as kkt and kkn continue to decrease, the reflection coefficient 
displays different behavior. This result is shown in Figure 1(b ). When kkt = 1 and 
kkn = 2 (solid line), there is a small variation in IRI at 34.8°, 18.3°, 9.7°, indicating 
the presence of a very weakly excited Lamb wave. When kkt = 0.1 and kkt = 0.2, no 
mode can be seen; this prediction would pertain to the case of a total debond. 
EXPERIMENTAL PROCEDURE 
Several stainless steel shells with machined and polished surfaces have been 
prepared for the experiment. The outside diameter of the shells is 76.2mm, wall 
thickness 1.98mm, and acoustic properties: Vt = 5.66 mm/ /18, v, = 3.12 mm/ /18, 
p = 7.9 g/cm3 . The rubber used in the experiment is Buna-N rubber sheet with 
thickness of 2.45 mm and density 1.18 g/cm3 • The longitudinal velocity is measured 
to be 1.66 mm/ !18. The shear velocity is quite difficult to measure owing to its high 
loss factor. However, by assuming the bulk modulus of rubber is equal to that of 
water [10], the shear velocity of rubber can be estimated tobe 0.777 mm/ /18. The loss 
in the rubber is 0.214Np/mm·MHz for longitudinal waves and 0.125 Np/mm · MHz 
for shear waves. After both surfaces of rubber and steel are completely cleaned, the 
rubber is attached to the outside of shell with a thin layer of GE vulcanizing silicone 
rubber. A debond is simulated by omitting adhesive from a small area. 
A multi-axis position system manufactured by the Panametrics Co. is used for all 
measurement reported here. Figure 2 shows a diagram of the experiment geometry. 
The transmitter and receiver are aimed at the shell at equal angles of incidence to the 
surface normal. During an angular scan, the transmitter is fixed, the receiver is 
scanned around the circumference of the shell, maintaining same incident angle and 
distance from the transducer surface to interface. The observation angle () is defi.ned 
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Figure 2: Geometry setup of experiment. 
as the angle between two intersection point of beam axis of each transducer with the 
interface. During the C-scan presented at the end of this paper, transmitter and 
receiver move simultaneously, further maintaining same observation angle. 
The transducers employed in the experiment are Ultran W575-1 19-mm 
diameter, 1-MHz flat piston transducers. The combined directivity function of these 
devices are essentially identical to that of the Gaussian beams employed in the 
theoretical model. By fitting the centrallobe of piston transducer in far field with 
Gaussian beam, Gaussian beam width at beam waist can be obtained as Wo = 0. 7517 a 
[11], here a is the radius of transducer. This formula may act as "zeroth order" 
approximation to the behavior of piston transducer and is used to estimate the 
Fresnellength b in theoretical calculation. 
Data collection is computerized and completely automated. The entire waveform 
is 8-bit digitized at each measurement point with a sampling rate of 20 MHz. The 
experimental result can be analyzed either in time domain or frequency domain after 
performing FFT on time domain signal. 
RESULTS AND DISCUSSIONS 
Typical time domain waveforms from bond region and debond region are shown 
in Figure 3. These waveforms are sampled at observation angle of 25°. The signal 
from bond region (Figure 3(a)) consists of two components: the leaky wave and a 
specular reflection, while in the signal from debond region(Figure 3(b)) there is only a 
specular reflection. 
Another way to view the experimental results is in the frequency domain, so we 
perform an FFT on the time-domain waveform and extract the 1-MHz spectral 
component. In Figure 4 the amplitude of the 1-MHz component is plotted agairrst 
observation angle at incident angle of 35°, right on A0 mode angle. Figure 4( a) shows 
the reflected field from an uncoated steel shell. The total field consists of a main lobe 
followed by a trailing field. In the main lobe, specular reflection dominates, while in 
trailing field, leaky wave is more important. Since the phases of the specular 
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Figure 3: Typical time-domain waveform from ( a) bond region; (b) debond region. 
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Figure 4: Reflected field from ( a) single steel shell; (b) bond region of rubber-steel at 
incident angle 35°(A0 mode angle). 
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Figure 5: Reflected field from ( a) uncoated steel shell; (b) bond region of rubber-steel 
at an incident angle of 33°. 
reflection and leaky wave aredifferent and changing with B, in the main lobe there is 
a minimum, and in the trailing field, there are multiple oscillations. The experimental 
result is well predicted by the theory. As a comparison, Figure 4(b) shows the 
reflected field from the bond region of rubber-steel, it is rather similar. However, t he 
minimum in the main lobe is not so prominent as that in the uncoated steel shell 
case. This result is because the leaky wave is not so st rong. Also the oscilation period 
in this case is larger. We attribute this behavior to the dispersion characteristics of 
rubber, which change the spectrum of the signal. The theory predicts a large leaky 
wave and much faster decreasing specular reflection, resulting in more prominent 
minima in the main lobe and less oscillation in the trailing field , as shown in the 
dotted curve in Figure 4. 
The reflected field at 33° incidence, 2° below the A0 mode angle, is shown in 
Figure 5. Compared with Figure 4(a), the minimum in the main lobe in Figure 5(a) 
shifts to the right, because the leaky wave also shifts right. The agreement between 
theory and experiment is also reasonably good. For the bond region of ruhher and 
steel(Figure 5(b) ), a similar reflected field can be observed. Again, the minimum is 
not as prominent as for the uncoated steel case, owing to a weaker leaky wave. The 
comments on the disparity between experiment and theory in Figure 4(b) apply here 
also. 
The reflected field at 38° incidence, 3° greater than the Ao mode angle is shown 
in Figure 6. Compared with Figure 4(a), the peak on the left of the minima in 
Figure 6(a) decreases, leaving a very flat minimum, because the leaky wave shifts to 
the left . The theory agrees with the experiment quite well. For rubber-steel case 
(Figure 6 (b)), the theory predicts a large main lobe and less oscillation in the trailing 
field. At 38° incidence, the footprint of the beam is large, perhaps owing to losses in 
the rubber, and the reflected signal is not well detected by receiver in the specular 
region; this results in a narrow main lobe. The reduced oscillation in the trailing field 
is also ascribed to the same reason mentioned above. 
The reflected field from debond region is shown in Figure 7(a). The incident 
96 
_experiment _experiment 
.. theory .. theory 
Q) 0.8 Q) 0.8 
"C "C 
:J :J 
%0.6 %0.6 
E E 
<{ 0.4 <{ 0.4 
0.2 0.2 
0 0 
-20 0 20 40 -20 0 20 40 
Angle Angle 
(a) (b) 
Figure 6: Reflected field from ( a) uncoated steel shell; (b) bond region of rubber-steel 
at 38° incidence. 
Figure 7: ( a) Reflected field from debond region at 35° incidence; (b) C-scan image 
obtained at 38° incidence and an observation angle of 25°. 
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angles of both transducers are 35°. Now the fields lose their oscillatory nature and 
decrease monotonically from 0°. The data appear as a nearly perfect Gaussian beam. 
That fact indicates there is only one component in the reflected field, namely, the 
specular reflection. No leaky wave exists. The theory weil predicts the experiment. 
The reflected fields from the debond region at other incident angles show similar 
traits. Since there is no leaky wave in debond region, we can put a gate at leaky wave 
position when the receiver is at the observation angle where specular and leaky waves 
are separated. By summing the absolute value of the waveform in the gate and 
moving transmitter and receiver simultaneously, we get the C-scan image shown in 
Figure 7(b) . This image is obtained at an observation angle of 25° and an incident 
angle of 38°, where the time gate is llflS. The debond is very obvious. 
CONCLUSIONS 
From the above experimental results and theoretical calculation, we can see leaky 
modes of steel dominate in rubber-steel case, and the rubber does not contribute any 
leaky modes. However, the leaky modes are smaller in the rubber-steel case. From the 
reflection coefficient we can see leaky wave gradually disappears as the bond 
deteriorates. The weaker leaky wave in rubber-steel case results from an imperfect 
bond between rubber and steel. The high damping of rubber only plays the role of a 
scale factor. Under debond conditions no leaky wave can be detected, and this 
condition can be used as a method to detect debonds in C-scan mode. 
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